Abstract The aim of this study was to determine the feasibility of automated detection of adrenal nodules, a common finding on CT, using a newly developed search engine that mines dictated radiology reports. To ensure Health Insurance Portability and Accountability Act compliance, we utilized a preexisting de-identified database of 32,974 CT reports from February 1, 2009 to February 28, 2010. Common adrenal descriptors from 29 staff radiologists were used to develop an automated rule-based algorithm targeting adrenal findings. Each sentence within the free text of reports was searched with an adapted NegEx negation algorithm. The algorithm was refined using a 2-week test period of reports and subsequently validated using a 6-week period. Manual review of the 3,693 CT reports in the validation period identified 222 positive reports while the algorithm detected 238 positive reports. The algorithm identified one true positive report missed on manual review for a total of 223 true positive reports. This resulted in a precision of 91% (217 of 238) and a recall of 97% (217 of 223). The sensitivity of the query was 97.3% (95% confidence interval (CI), 93.9-98.9%), and the specificity was 99.3% (95% CI, 99.1-99.6%). The positive predictive value of the algorithm was 91.0% (95% CI, 86.6-94.3%), and the negative predictive value was 99.8% (95% CI, 99.6-99.9%). The prevalence of true positive adrenal findings identified by the query (7.1%) was nearly identical to the true prevalence (7.2%). Automated detection of language describing common findings in imaging reports, such as adrenal nodules on CT, is feasible.
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Background
Adrenal nodules are commonly encountered on crosssectional imaging, detected in up to 5% of CT examinations [1] . Approximately two third of these nodules can be diagnosed at initial presentation on CT and usually represent benign findings such as adenomas or myelolipomas [2] . The remaining one third of these nodules are indeterminate by imaging criteria but are also most likely benign in etiology, both among patients with no known malignancy as well patients who subsequently develop malignancy [3] . Despite this, subspecialty management guidelines recommend further testing to exclude either functional adrenal lesions or metastatic disease with additional laboratory testing up to 5 years following detection, repeat imaging at intervals ranging from 3 to 12 months following detection, and specialist referrals [4] [5] [6] [7] [8] . The lack of clear consensus among these guidelines poses a challenge both for radiologists and ordering physicians on how to best report and manage adrenal nodules. As imaging utilization increases nationally, the number of patients with adrenal nodules detected on cross-sectional imaging will increase correspondingly, and health care utilization associated with these findings will also grow.
Free text searches using natural language processing (NLP) have been utilized since the 1960s [9] in a variety of applications, including medicine [10] [11] [12] as well as in the field of radiology [13] . Previous works have demonstrated the ability to determine positive findings by using NLP to address negation within clinical reports [14] [15] [16] .
We seek to determine if it is possible to automate detection of adrenal nodules on imaging reports at our institution using NLP in order to quantify their prevalence. Eventually this query can be used to perform a directed chart review evaluating the clinical significance of these nodules through follow-up, the results of which may help guide both radiologists and ordering physicians on the optimal reporting and management of adrenal nodules.
Methods
To ensure Health Insurance Portability and Accountability Act compliance, we utilized a preexisting de-identified database of radiology reports approved by our Institutional Review Board that is described in detail below.
Research Database
For data mining, we created a separate database containing 32,974 CT examinations of the chest, abdomen, thoracic spine, and lumbar spine over a 13-month period (February 1, 2009 to February 28, 2010). These examinations, including thoracic and lumbar spine CT studies, were selected as they all include the adrenal glands in the field of view. All CT examinations were performed at a single tertiary care institution located in a major US city with over 530 hospital beds and greater than 860 staff physicians. Reports of these examinations were identified with Pathology-Radiology Enterprise Search Tool (PRESTO) [12] , a web-based search engine and data mining tool at our institution. PRESTO was used to mine our RIS (GE Centricity RIS-IC, Waukesha, WI, USA) and export anonymized report text along with metadata into a separate MySQL [13] relational database. A PHP algorithm, in conjunction with regular expressions, was used to query the research database and identify positive reports during the iterative process of algorithm development, which is described below in detail.
Determination of Descriptors
In order to determine what language was commonly employed to describe adrenal findings, we randomly selected ten reports each from 29 staff radiologists in our chest and body sections who are responsible for reading all chest, abdomen, pelvis CT studies, as well as trauma thoracic and lumbar spine CT studies. The objective of this review was to determine commonly used adrenal descriptors in order to guide development of the query. Focus was placed on language that identified discrete adrenal findings. Positive descriptors identified through this search included in decreasing order: nodule (93%), adenoma (86%), mass (79%), lesion (45%), and myelolipoma (24%). Based on prior literature, descriptors such as "thickening" and "nodularity" when used in isolation were excluded due to their non-specific nature [17] .
Following the test period, several terms were added to list of target positive terms used by the query including: adenomatous change, adenomatous hyperplasia, metastasis, metastases, and metastatic. The last three terms were included because our population included patients with malignancy, and these lesions met our criteria of true adrenal findings Algorithm Development A rule-based algorithm was created to search the free text of the radiology report in order to automatically identify discrete adrenal findings. A sentence-by-sentence search method was chosen in order to limit the false positives associated with searching the report as one large block of text. This approach also had higher specificity than a strict word proximity search method. Once the sentences were parsed, the algorithm would search each sentence for the term "adrenal." If triggered, the algorithm would then search the same sentence for the singular or plural of one of the target positive terms (Table 1) . Abbreviations were not included in the algorithm, as no common abbreviations associated with these descriptors are known. Similarly, spelling errors were not addressed. The combination of "adrenal" plus target positive term (in either order) resulted in the report being tagged as positive Subsequently, the algorithm evaluated each positive sentence for negation. We utilized a modified version of the NegEx algorithm [18] which was simplified to eliminate precondition negation terms that do not apply to our report texts such as "no radiographic evidence of." The precondition negation terms in our algorithm are shown in Table 1 . An example of a finding targeted by the negation filter would be: "No focal adrenal masses are seen." In this case, the word "no" (precondition negation term) negates the positive finding of "adrenal masses." Similar to the NegEx algorithm, the distance between the negation term and the target positive term was set to a maximum of five words.
Additionally, the algorithm ignored history section of the radiology report by disregarding text found between sets of starting terms and end terms (Table 1) . This was done in order to reduce false positive reports where the only positive adrenal finding identified by the query was in the clinical history section.
Algorithm Testing and Validation Design
The algorithm was initially tested on a 2-week period and subsequently validated using a 6-week period. Both periods were selected from the 13-month study database using a random date generator. The validation period was selected as three sets of 2 weeks blocks for a total of 6 weeks as follows: 
Manual Review
Manual review was performed on all CT chest, abdomen, and pelvis reports identified in the 6-week validation period. Specifically, the comments and impression of each report were reviewed for the word adrenal by two researchers (JL and HZ). When identified, the report was searched for the presence of any positive adrenal descriptor including "nodule," "lesion," and "mass," "adenoma," and "myelolipoma." Any report with a negation term was considered negative (e.g., "no adrenal nodule"). Any study where a discrepancy was coded between the two reviewers was settled by consensus. Interobserver agreement was calculated using a kappa statistic. The results of the manual review were compared to the results of the algorithm, and any discrepancies were re-evaluated by all authors. These results were used to determine true positives, false positives, true negatives, and false negatives from which precision and recall were calculated. In addition, we have reported sensitivity, specificity, positive predictive value, and negative predictive values to provide a clinical context to the performance of the algorithm.
Statistical Evaluation
True positives were defined as reports that both the algorithm and the manual review identified as containing a positive adrenal finding. False positives were defined as reports that the algorithm identified as containing a positive adrenal finding that were not detected by manual review. True negatives were defined as reports that neither the algorithm nor the manual review identified as containing a positive adrenal finding. False negatives were defined as reports that the manual review identified as containing a positive adrenal finding that were not detected by the algorithm. These definitions are illustrated in Table 2 .
Precision and recall were calculated using accepted definitions. Precision was defined as the number of true positives divided by total number of reports the algorithm identified as containing a positive adrenal finding (true positives plus false positives). Recall was defined as the number of true positives divided by the number of reports that manual review confirmed as containing a positive adrenal finding. Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were calculated using accepted definitions. A breakdown of the prevalence of positive descriptors identified by the algorithm in the total study population is provided in Table 3 . There were 217 true positives, 21 false positives, 3,449 true negatives, and 6 false negatives. This resulted in a precision of 91% (217 of 238) and a recall of 97% (217 of 223). The sensitivity of the query was 97.3% (95% CI, 93.9-98.9%), and the specificity was 99.3% (95% CI, 99.1-99.6%). The PPV, or the probability that identification of an adrenal nodule by the algorithm was confirmed with identification of an adrenal nodule on manual review, was 91.0% (95% CI, 86.6-94.3%). The NPV, or the probability that the absence of identification of an adrenal nodule by the algorithm was confirmed with identification of an adrenal nodule on manual review, was 99.8% (95% CI, 99.6-99.9%).
The query identified 217 true positive from among 202 unique patients, which resulted in a calculated prevalence of 7.1% (202 of 2,865). This did not differ significantly from the true prevalence in our population of 7.2% (223 of 2,865) . Analysis of the data excluding the true positive that was initially missed from the manual review did not reveal any significant change in precision, recall, sensitivity, specificity, PPV, or NPV.
Examples of false positive and false negative reports identified by the query are provided in Table 4 . The most common cause of a false positive was due to the utilization of positive descriptor in a separate sentence from the word adrenal, which we refer to as a "positive finding detection error." The most common cause of a false negative was what we refer to as a "complex sentence error" whereby multiple organs were described within the same sentence as the word adrenal whereby the algorithm failed to associate the positive descriptor (e.g., lesion) with the appropriate non-adrenal organ.
Discussion
This algorithm demonstrates that it is feasible to automate the detection of language describing discrete adrenal findings using reports of cross-sectional imaging at our institution with high precision, recall, sensitivity, and specificity. While the algorithm has yielded promising outcomes, it can be further refined to decrease both the number of false positive and false negative reports. The overwhelming majority of false positives were caused by a complex sentence error. Specifically, these sentences generally listed a number of unaffected organs, such as "…liver spleen gallbladder biliary tree pancreas adrenal glands and kidneys are unremarkable" followed by a finding in There is a 3 cm benign adrenal myolipoma.
Spelling error: Algorithm searches for "myelolipoma", and this term was misspelled within the original report text
Metastatic pheochromocytoma of the right adrenal post adrenalectomy.
Error due to missing "History": heading for the history section of the report. The report was labeled negative on manual review as no positive findings were reported in the body of the report
No adrenal masses are seen probable tiny right adrenal myelolipoma.
Missing punctuation leading to a sentence-based negation error (i.e., negated finding "no adrenal masses" is in the same sentence as the positive terms of "adrenal myelolipoma")
The adrenal glands appear thickened but discrete mass.
Radiologist dictation error: There is a missing negation term "no" before "discrete mass". Manual review interpreted this as negative Missing punctuation leading to a sentence-based negation error. Sentence contains a positive finding (in bold), but this was negated by the negation algorithm due to italicized phrase, which contains "without" and "nodule". A period after "image 34" would have allowed the algorithm to correctly identify this report as having a positive adrenal finding
The high attenuation masslike abnormality in the left adrenal probably represents an adrenal hematoma which is resolving.
Adrenal hematoma was considered as a negative finding for the purpose of this paper. However, this sentence was marked positive secondary to presence of "masslike" in association with "adrenal"
There is nodularity of the right adrenal gland and some thickening in the left. IMPRESSION: 2. Bilateral nodularity in the adrenal glands likely adenomatous/ hyperplastic changes.
Positive finding detection error. Algorithm searches for "adenomatous changes" but was unable to identify "adenomatous/ hyperplastic changes" due to insertion of "/hyperplastic"
The spleen pancreas both adrenal glands and both kidneys are unremarkable aside from a 7 mm low-density lesion in the lower pole of the left kidney which is too small to characterize but probably benign.
Complex sentence error. Multiple organs were described within a same sentence, and the algorithm failed to associate the positive term "lesion" with the appropriate organ (left kidney). Also, the term "unremarkable" was not detected by the algorithm for negation. A total of 18 cases had similar error. Some examples are shown below Nodular thickening of the right adrenal gland measuring 2.2× 1.7 cm on image 98 stable in size.
The CT attenuation characteristics of this lesion are indeterminate (with an average density of 25 HU). The prior MRI tissue characteristics suggested an adenoma as the most likely diagnosis.
Positive finding detection error. Because the terms "adrenal," "lesion," and "adenoma" were in separate sentences, this was missed by the sentence-based detection algorithm
The liver spleen gallbladder biliary tree pancreas adrenal glands and kidneys are unremarkable with the exception of the low attenuating lesion in the interpolar aspect of the right kidney IV representing a small renal cyst.
Complex sentence error
There is continued nodular thickening of the left adrenal gland with a maximum diameter of 8 mm unchanged since prior study. The appearance is benign and may represent small adenoma or nodular hyperplasia.
Positive finding detection error. Similar to above where "adrenal" and "adenoma" were in separate sentences
The adrenal glands and kidneys are unremarkable except for bilateral low attenuation renal lesions which are subcentimeter in size likely small cysts.
Complex sentence error FINDINGS: The liver spleen pancreas adrenal glands and kidneys are normal except for a subcentimeter cystic lesion in the right kidney which is too small to characterize.
There is a 10×17 mm low attenuation soft tissue mass adjacent to the lateral limb of the left adrenal gland that probably represents a lymph node that is increased in size from the prior exam.
Complex sentence error. The spatial relationship was not accounted for with our algorithm to determine that the "mass" is "adjacent" and not part of the adrenal gland one of the previously mention organs such as "…with the exception of the lesion in the interpolar aspect of the right kidney." This type of error could be reduced with both more advanced NLP techniques as well as by incorporating other negation techniques used by programs like NegExpander [19] . In the previous example, an advanced algorithm would assign "lesion" to the appropriate organ, the right kidney, rather than the adrenal gland. False negatives were usually due to a positive finding detection error where the description of an adrenal finding was spread over multiple sentences. This type of error is the biggest limitation of the sentence-by-sentence search methodology of the algorithm. In future iterations, this could be addressed by modifying the algorithm to either search adjacent sentences once "adrenal" has been identified or to use a proximity search window. Both of these options would allow for multi-sentence adrenal findings. However, they could also hypothetically lead to an increased false positive rate. Similarly, we could incorporate laterality detection into the algorithm to further reduce false negative rates.
Two cases identified by the query are notable. The first was a true positive case detected by the query but not identified on the manual review. Importantly, there was no significant change in precision, recall, sensitivity, specificity, PPV, or NPV when this case was included or excluded from the analysis. The second was a false positive case identified by the query due to the utilization of the term "mass like" in describing a "hematoma" (Table 4) . Hematoma and hemorrhage were not included in the final list of positive descriptors because this diagnosis has a low prevalence and is strongly associated with acute trauma or multisystem failure requiring emergent follow-up rather potential follow-up [20] , which was the stated goal of the query. Other cases of adrenal hematoma or hemorrhage within the final 6-week period were not identified by the query because of the absence of positive descriptors in the same sentence as this diagnosis. The inclusion of this term may be an area of potential refinement for the algorithm moving forward.
The true prevalence of adrenal nodules on imaging in our patient population (7.2%) is slightly higher than the 5% reported in the medical literature [2, 21] . This discrepancy most likely reflects the inclusion of adrenal findings such as metastases and patients with known malignancy in our study compared to these other articles, which excluded this diagnosis and patient population. Because the objective of our algorithm was to automate detection of true adrenal findings, we chose to include adrenal metastases. It is reassuring, however, that our prevalence of 7.2% does not exceed the prevalence of 9% reported in large-scale autopsy series [22] .
Limitations of this study include a limited sample of 3,693 CT reports including 2,865 unique patients over a 6-week time period. The algorithm was tested on a 2-week sample during a single month. There may be other terms used to describe adrenal nodules at our institution that were not included in our limited sampling of ten reports per attending that could have increased the sensitivity of our algorithm. However, this seems unlikely from a clinical radiology perspective. Finally, we sampled almost all of the staff physicians in our chest and body radiology departments who are responsible for reading all chest, abdomen, pelvis CT studies, as well as trauma thoracic and lumbar spine CT studies rendering this algorithm sensitive to detect adrenal findings at our institution. As a result, this automated algorithm may have different precision, recall, sensitivity, and specificity at other institutions that may employ different phrases to describe adrenal findings.
Adrenal nodules are commonly encountered on crosssectional imaging with CT, often incidentally. Most of these lesions can be diagnosed on initial presentation and represent benign diagnoses such as adenomas. However, subspecialty management guidelines recommend further testing to exclude either functional adrenal lesions or metastatic disease including additional laboratory testing up to 5 years following detection, repeat imaging at intervals ranging from 3 to 12 months following detection, and specialist referrals. The lack of clear consensus among these guidelines poses a challenge both for radiologists and ordering physicians on how to best report and manage adrenal nodules. As imaging utilization increases nationally, the number of patients with adrenal nodules detected on cross-sectional imaging will increase correspondingly, and health care utilization associated with these findings will also grow. Eventually this query can be combined with electronic medical record data searches in order to determine the clinical significance of these adrenal nodules through resultant follow-up and to automatically provide this follow-up to both radiologists and ordering physicians. These evidence-based data on large-scale patient populations could then be used to adjust the reporting and management of adrenal nodules in order to optimize patient care.
Conclusions
Automated detection of language describing common findings on imaging reports, such as adrenal nodules on CT, is feasible. The high attenuation masslike abnormality in the left adrenal probably represents an adrenal hematoma which is resolving
Excluded Hematoma was neither included in the original query nor considered an adrenal finding that merited clinical follow-up
There is minimal enlargement and mild nodularity of the lateral limb of both adrenal glands. The prior examination reports a history of biochemical abnormality consistent with primary hyperaldosteronism. Although the imaging appearance is not diagnostic, tiny adenomas may not be visible in this nondedicated study. At clinical discretion and if not previously performed, dedicated imaging with adrenal protocol may provided additional information
Excluded No discrete finding is visualized on the current examination. The terms thickening and nodularity when used in isolation were excluded due their non-specific nature
